A secreted luciferase from the marine ostracod, Vargula hilgendorfii, is a useful tool for gene expression assays in living mammalian cells. We have cloned the cDNA of a new secreted luciferase from the ostracod Cypridina noctiluca, which inhabits the coast of Japan. C. noctiluca luciferase consists of 553 amino acid residues with a molecular mass of 61,415 Da, as deduced from the nucleotide sequence. The homologies of nucleotide and amino acid sequences with V. hilgendorfii luciferase are 79.2% and 83.1%, respectively. C. noctiluca luciferase can expressed in and secreted from cultured mammalian cells. The characteristic properties of expressed C. noctiluca luciferase are similar to those of V. hilgendorfii luciferase. However, the activity of C. noctiluca luciferase in culture medium is much higher than that of V. hilgendorfii luciferase, suggesting that C. noctiluca luciferase is a highly potent reporter enzyme for real-time and continuous monitoring of gene expression in living cells.
A secreted luciferase from the marine ostracod, Vargula hilgendorfii, is a useful tool for gene expression assays in living mammalian cells. We have cloned the cDNA of a new secreted luciferase from the ostracod Cypridina noctiluca, which inhabits the coast of Japan. C. noctiluca luciferase consists of 553 amino acid residues with a molecular mass of 61,415 Da, as deduced from the nucleotide sequence. The homologies of nucleotide and amino acid sequences with V. hilgendorfii luciferase are 79.2% and 83.1%, respectively. C. noctiluca luciferase can expressed in and secreted from cultured mammalian cells. The characteristic properties of expressed C. noctiluca luciferase are similar to those of V. hilgendorfii luciferase. However, the activity of C. noctiluca luciferase in culture medium is much higher than that of V. hilgendorfii luciferase, suggesting that C. noctiluca luciferase is a highly potent reporter enzyme for real-time and continuous monitoring of gene expression in living cells.
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The bioluminescence mechanism of the luminous ostracods has been studied only for the Japanese ostracod, Vargula hilgendorfii ( Fig. 1, left) . This organism produces a bright blue light by ejecting luciferin (substrate) and luciferase (enzyme) into the seawater from the upper-lip gland.
1) The luminescence is produced by a simply and highly specific enzymesubstrate reaction, which involves the oxidation of luciferin by molecular oxygen, catalyzed by luciferase (Scheme 1). [1] [2] [3] The products of the reaction are blue light (h 465 nm), oxyluciferin, and carbon dioxide.
2)
Excited-state oxyluciferin bound to luciferase is the emitter in the reaction.
4) The cDNA encoding 
Scheme 1.
y To whom correspondence should be addressed. Fax: +81-727-51-9628; E-mail: y-ohmiya@aist.go.jp Abbreviations: Da, daltons; DMEM, Dulbecco's modified Eagle's medium; DTT, dithiothreitol; PBS, phosphate-buffered saline; PAGE, polyacrylamide gel electrophoresis; PCR, polymerase chain reaction; pfu, plaque-forming units; RLU, relative light units; SDS, sodium dodecyl sulfate; Tris, 2-amino-2-hydroxymethyl-1,3-propanediol V. hilgendorfii luciferase (VhL) has been previously cloned, and sequence analysis revealed that this luciferase consists of 555 amino acid residues with a molecular mass of 62,171 Da, as deduced from the nucleotide sequence. 5) VhL contains a secretion signal that results in its secretion from transfected cultured mammalian cells, although the precise cleavage site has not been identified.
Reporter assay systems using luciferases have been widely used to monitor gene expression, because they are highly sensitive and strictly quantitative. In particular, secreted luciferase is used for the real-time and continuous monitoring of gene expression because promoter activity can be measured without destroying the cells. 6) In the previous study, stable transformants of Chinese hamster ovary cells carrying the VhL gene secreted the luciferase, and this secretion from discrete sites on the cell surface could be monitored in real-time using an image-intensifying technique. 7) Recently, the promoter activity of growth hormone in rat pituitary adenoma GH3 cells was monitored continuously for 24 h using VhL in living cells. 8) Thus, VhL can be applied widely in the field of life-science technology. However, a highly active type of the secreted reporter enzyme could be of more benefit to monitor gene expression of a less active promoter, and a slight change of expression level in small number of cells or tissue. We therefore sought a higher active type of secreted luciferase from other ostracods.
Luminous marine ostracods are found in only two genera, Vargula and Cypridina.
9) The luminous genus Vargula is benthonic, and many species inhabit the Gulf of Mexico, the coast of California, and the Caribbean Sea. On the other hand, the luminous genus Cypridina is planktonic and a few species are found throughout the world. [9] [10] [11] One Vargula species (V. hilgendorfii) (Fig. 1 , left) and two Cypridina species (C. noctiluca, Fig. 1 , right and C. innermis) are found in Japan, where they are commonly known as ''Umi-hotaru'' or ''Sea-firefly''. Although the biological and ecological traits of luminous ostracods differ, all of them emit a bright blue light when the organisms are exposed to physical or chemical stimulation. In our preliminary work, an extract of C. noctiluca cross-reacted with luciferin from V. hilgendorfii, suggesting that a similar type of luciferase also exists in C. noctiluca.
In this study, we cloned the cDNA of C. noctiluca luciferase (CnL) and expressed in cultured mammalian cells. Furthermore, characteristic properties of CnL were compared with those of VhL. Although the almost enzymatic properties of CnL are similar to those of VhL, CnL enzyme shows a higher activity than VhL, allowing more sensitive monitoring of gene expression in a wide variety of mammalian cells.
Materials and Methods
Reagents. The following reagents were obtained from commercial sources: restriction enzymes (Takara, Kyoto, Japan; New England BioLabs, Beverly, MA; Nippongene, Toyama, Japan), sodium dodecyl sulfate (SDS), 2-amino-2-hydroxymethyl-1,3-propanediol (Tris), dithiothreitol (DTT), sodium chloride (Wako Pure Chemicals, Osaka, Japan; Nacalai Tesque, Kyoto, Japan), Isogen (Nippongene, Toyama, Japan), OligodexdT30 (Takara).
Construction of cDNA library. C. noctiluca (1.5 g wet weight) was collected at Shimoda (Izu Peninsula, Japan), frozen quickly in liquid nitrogen, and stored at À80 C until use. Total RNA was prepared with Isogen according to the manufacturer's instructions. Poly(A) þ RNA was isolated using Oligotex-dT30 and cDNA synthesized using a Timesaver cDNA Synthesis Kit (Amersham Pharmacia Biotech, Piscataway, NJ). Ligation of cDNA into the ZAPII vector (Stratagene, La Jolla, CA) was performed for 12 h at 4 C, and the products were packaged using the GigapackIII Gold Packaging Kit (Stratagene). The packaged cDNA was transfected into Escherichia coli XL1-Blue, yielding 2:3 Â 10 5 plaque-forming units (pfu). The cDNA library was amplified to 2:9 Â 10 8 pfu and screened.
Isolation and sequence determination of cDNA clone. An aliquot of the C. noctiluca cDNA library, containing about 8:0 Â 10 4 plaques, was screened using nylon membranes (Amersham Pharmacia Biotech), following the manufacturer's directions. A 1.3-kbp XbaI-digested internal fragment of VhL cDNA was labeled with alkaline phosphatase using the Alkphos Direct Labeling Kit (Amersham Pharmacia Biotech) and used as a probe. The membrane was hybridized for 12-14 h at 55 C, then washed twice with the first wash solution (2 M urea, 0.1% [w/v] SDS, 50 mM sodium phosphate, 150 mM NaCl, 1 mM MgCl 2 ) for 10 min at 55 C, and then twice with the second washes solution (50 mM Tris, 100 mM NaCl, 2 mM MgCl 2 ). Positive plaques were detected using an ECL Kit (Amersham Pharmacia Biotech), and rescreened. The insert was excised as a pBluescript phagemid using ExAssist helper phage (Stratagene). The nucleotide sequence of the isolated cDNA was determined using BigDye Terminator and DNA sequencer model 310 (Applied Biosystems). To determine the fulllength cDNA sequence of CnL, PCR was done with LA Taq DNA polymerase (Takara), using the C. noctiluca cDNA library as template and the specific primer (CL-1R) 5 0 -TTGAACTTGACGACCAGAGC-3 0 and the vector primer (M13 Reverse) 5 0 -GTAAAACGACGGC-CAGTG-3 0 , with the thermal profile: 35 cycles of 94 C for 30 s, 55 C for 1 min, and 72 C for 1 min 30 s. A 100-fold dilution of the PCR product was used as the template for the second PCR, which was done with the specific primer (CL-2R) 5
0 -GTAGATGGAAGTG-TTCTGGG-3 0 and the vector primer (T3) 5 0 -AAT-TAACCCTCACTAAAGGG-3 0 , using the same cycling profile. The single amplified product was cloned into pCR2.1-TOPO (Invitrogen, Carsbad, CA), and the DNA sequence was determined.
Cell culture. NIH3T3, rat2, A549, COS-7, and HeLa S3 cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum (ICN Biomedicals Inc., Costa Mesa, CA) at 37 C with 5% CO 2 .
Expression of luciferase in mammalian cells. To construct a CnL expression vector for mammalian cells, the full-length cDNA was PCR-amplified from the cDNA library using primers (CL-N) 5
0 -ATGAAGACC-TTAATTCTTGC-3 0 and (CL-C) 5 0 -CTATTTGCATT-CATCTGGTAC-3 0 , with the same thermal profile described above. The amplified PCR product was ligated into pCR2.1-TOPO. CnL was excised with BamHI and NotI, and ligated into the BamHI/NotI site downstream of the cytomegalovirus (CMV) promoter in the mammalian expression vector, pcDNA3 (Invitrogen), to produce pcDNA-CL. To construct a VhL expression vector, the full-length cDNA was also amplified from pSV2-VL 6) by PCR using primers (VL-F-NotI) 5 0 -GCG-GCCGCATGAAGATAATAATTCTGTCTG-3 0 (start codon was underlined) and (VL-R-NotI) 5
0 -GCGGCC-GCTTATTGACATTCAGGTGGTACT-3 0 , using the same thermal profile. The amplified product was digested with NotI, and ligated into the NotI site of pcDNA3, to produce pcDNA-VL. For expression of CnL and VhL in cultured mammalian cells, 5 Â 10 4 cells were plated in each well of a 24-well plate 1 day before transfection. Fifty ng of the vector DNA was transfected into the cells using Lipofectamine Plus (Invitrogen) according to the manufacturer's instructions. After 3 h of incubation, the transfection medium was replaced with 300 l of serum-free DMEM and the transfected cells were cultured further for the expression of the luciferase until harvest time.
Measurement of luciferase activity. CnL and VhL activities were measured by mixing 50 l of the culture medium from luciferase-expressing cells or luciferaseexpressing-cell extracts and 50 l of 280 nM luciferin in 10 mM Tris-HCl (pH 7.4), which was extracted and purified from V. hilgendorfii, using an AB-2200 luminometer (ATTO, Tokyo, Japan). The activity was expressed in relative light units (RLU).
K m and V max values and thermostability of luciferases.
To estimate the K m and V max of CnL and VhL, 50 l of 5-250 nM luciferin in 10 mM Tris-HCl (pH 7.4) were injected into 50 l of luciferase-expressing culture medium at 25 C. The values were calculated from Lineweaver-Burk plots of the reciprocal of RLU versus substrate concentration. To estimate the thermal stability of CnL and VhL, luciferases-expressing-culture medium were incubated until 60 h at 37 C. The half-life time was estimated by the remaining activities as a thermal stability.
Bioluminescence spectrum measurement. Bioluminescence spectra were recorded using an AB1850 spectrophotometer (ATTO). To assess the bioluminescence spectrum of CnL, 15 l of the culture medium was mixed with 15 l of 280 nM luciferin in 10 mM Tris-HCl (pH 7.4). All spectra were corrected for the photosensitivity of the equipment, and normalized.
Sequence analysis. A search of the non-redundant database of the National Center of Biotechnology Information (NCBI) was done using the program Gapped Blast. The molecular mass and isoelectric point (pI) of VhL and CnL were calculated using Genetyx software ver. 6.0.
Continuous measurement of CnL activity. The expression vector pcDNA-CL was transfected into NIH3T3 cells, which were seeded in a 48-well plate. After 2 h of transfection, the medium was replaced with 250 l of serum-free DMEM (time 0). The culture medium was collected and the cells were disrupted in 250 l of PBS at 2-h intervals until 10 h and additionally at 12-h interval until 48 h.
Results and Discussion
Habitat of C. noctiluca C. noctiluca (Fig. 1, right) is a pelagic species found on the Pacific Ocean side of Japan, especially abundant in Hachijo Island or Misaki in the Miura Peninsula of Japan. 1, 11) C. noctiluca is one-third the size of V. hilgendorfii (Fig. 1, left) , and usually floats on the surface of the sea at night, whereas V. hilgendorfii is benthonic, living in coastal sands. We collected them using a plankton net. In this study, C. noctiluca was collected at Shimoda during the period from October 2000 to February 2001.
Nucleotide and amino acid sequences of CnL C. noctiluca emits a blue light and its extract crossreacted with anti-VhL antibody (data not shown). To isolate the cDNA encoding CnL, a C. noctiluca cDNA library was screened with a VhL cDNA fragment as probe, and six positive clones were isolated. DNA sequence analysis showed that all the positive clones showed high homology with part of the 3 0 region of VhL (about 700 bp) containing the poly(A) tail. A clone containing the 5 0 region of CnL was isolated by PCR from the cDNA library, and then the full-length sequence of CnL was determined. The complete nucleotide sequence of CnL cDNA contains an open reading frame of 1,659 nucleotides encoding a protein of 553 amino acids (Fig. 2, upper lane) . The molecular mass and pI were calculated to be 61,415 Da and 4.59, respectively (Table 1) . CnL has a sequence similarity to VhL (Fig. 2, asterisks) ; the amino acid homology is 83.1%. Interestingly, the positions of all 34 cysteine residues (Fig. 2, open boxes) and the locations of the glycosylation sites (Fig. 2, shadowed boxes) are completely conserved in both luciferases. It has been reported that no free sulfhydryl groups were detected in VhL, and the cysteine residues presumably exist as intra-molecular disulfide bridges. 12) Cysteine residues are one of the important components forming the active structure of the enzyme. In fact, both purified VhL and CnL have a tendency to decrease in activity after the addition of DTT (data not shown). Therefore, cysteine residues could play an important role in the formation of the active structure and in the enzymatic activity of these luciferases. CnL contains two N-glycosylation sites at the same positions as VhL (Fig. 2) . Although the role of N-linked oligosaccharide bound to both luciferases has not been clarified, they are thought to play an important role in the stabilization, transport, and secretion of the protein in cells. 13) CnL is the second enzyme to be discovered as the secreted-and oligosaccharide-boundluciferase. These characteristics of both luciferases may be important in maintaining their activity. Comparisons between properties of two luciferases To confirm whether CnL is expressed in and secreted from mammalian cells, the expression plasmid pcDNA-CL was transfected into COS-7, NIH3T3, HeLa 3S, A549, and rat2 cells, and luciferase activity was confirmed in the culture medium and in the cells (data not shown). The results indicate that CnL can be expressed in and secreted from cultured mammalian cells. Next, we compared the properties of CnL and VhL (Table 1) . CnL produces a blue light with a maximum at 465 nm, which was coincident with that of VhL. The K m value of CnL (30.0 M) is slightly lower than that of VhL (11.5 M), whereas their V max values are almost same (2:20 Â 10 5 RLU/s). The half-life of CnL in culture medium at 37 C is 53 h, which is a similar to that of VhL (50 h), indicating that CnL is also a very stable luciferase. These results suggest that CnL is appropriate to use as a reporter enzyme for monitoring of gene expression in living mammalian cells as same as VhL.
Secretion and activity of CnL in cultured mammalian cells
VhL has a secreted property as a convenient reporter of gene expression in living cells, indicating it is distinctly different from non-secreted type reporter enzymes, such as chloramphenicol acetyl transferase, firefly luciferase, and bacterial luciferase. 6) CnL activity in culture medium were much higher than that of VhL in both NIH3T3 (320-fold) and HeLa 3S (410-fold) cells (Fig. 3) . This tendency was also confirmed by transient transfection assay using other vectors carrying VhL and CnL, in which these luciferases were expressed under the control of elongation factor-1 or clock gene promoters (unpublished results). Furthermore, we compared the activities of CnL and VhL in culture medium and cell extracts in NIH3T3 and HeLa S3 cells. 94% and 86% of CnL activities were detected in culture medium of NIH3T3 and HeLa cells, respectively (panel A), whereas only 63% and 69% of VhL activities were detected in medium of NIH3T3 and HeLa cells (panel B). These results suggest that CnL is more potent secreted-reporter enzyme than VhL. Thus, for continuous monitoring of gene expression without destroying cells, the high activity of CnL in the culture medium has advantages that the luciferase activity can be detected rapidly in a small aliquot of culture medium. Indeed, when we continuously measured CnL activity in culture medium of pcDNA-CL-transfected-NIH3T3 cells, the activity was detected within 4 h in the culture medium (3 Â 10 5 RLU/20 s), and the activity increased constantly until 48 h (Fig. 4) . Thus, light activity of CnL luciferase can simply trace the promoter activity in the living cell from early time to a long time.
In conclusion, we have cloned a new secreted luciferase CnL from C. noctiluca and demonstrated that the activity of CnL in culture medium remarkably higher than that of VhL. This potent of CnL could be benefit to monitoring of gene expression with high sensitive and resolution in living cells. thank K. Ogoh of Shizuoka University for samples of
